The primary sequences of four molecular mass variants (14, 17, 18.5, and 21.5 kDa) of the mouse myelin basic protein (MBP) have recently been determined through analysis of cDNA clones of their mRNAs. The mRNAs coding for the four MBP variants are thought to arise by differential splicing of two exons (exons 2 and 6) from a single gene. In contrast, exons 2 and 5 may be spliced out in the posttranscriptional processing of the human MBP gene. To investigate the possibility that a third exon (exon 5) may also be differentially spliced out in the processing of the mouse MBP gene transcript, a mouse cDNA library was screened to search for cDNAs missing exon 5. A MBP cDNA was isolated whose coding region specified a fifth mouse MBP variant with a molecular mass of -17 kDa. The mass of this variant (17,257 Da) is so close to that of the other 17-kDa mouse MBP (17,224 Da) that the two would be indistinguishable on NaDodSO4/polyacrylamide gels. Analysis of the sequence of the cDNA clone indicates that excision of exons 2 and 5 of the mouse MBP gene would produce the mRNA encoding this newly described 17-kDa MBP, whereas excision of exon 6 would produce the mRNA for the other 17-kDa MBP variant. Thus, the "17-kDa" mouse MBP consists of at least two molecular forms with very similar molecular masses but markedly different primary sequences. Of five full-length or near full-length cDNAs representing 17-kDa MBPs, one was missing exons 2 and 5 and four were missing exon 6.
ABSTRACT
The primary sequences of four molecular mass variants (14, 17, 18 .5, and 21.5 kDa) of the mouse myelin basic protein (MBP) have recently been determined through analysis of cDNA clones of their mRNAs. The mRNAs coding for the four MBP variants are thought to arise by differential splicing of two exons (exons 2 and 6) from a single gene. In contrast, exons 2 and 5 may be spliced out in the posttranscriptional processing of the human MBP gene. To investigate the possibility that a third exon (exon 5) may also be differentially spliced out in the processing of the mouse MBP gene transcript, a mouse cDNA library was screened to search for cDNAs missing exon 5. A MBP cDNA was isolated whose coding region specified a fifth mouse MBP variant with a molecular mass of -17 kDa. The mass of this variant (17, 257 Da) is so close to that of the other 17-kDa mouse MBP (17, 224 Da) that the two would be indistinguishable on NaDodSO4/polyacrylamide gels. Analysis of the sequence of the cDNA clone indicates that excision of exons 2 and 5 of the mouse MBP gene would produce the mRNA encoding this newly described 17-kDa MBP, whereas excision of exon 6 would produce the mRNA for the other 17-kDa MBP variant. Thus, the "17-kDa" mouse MBP consists of at least two molecular forms with very similar molecular masses but markedly different primary sequences. Of five full-length or near full-length cDNAs representing 17-kDa MBPs, one was missing exons 2 and 5 and four were missing exon 6.
The integrity of the myelin sheath is a major determinant in the maintenance of a functionally normal brain. Thus, investigations into the regulation of myelin protein gene expression are important for understanding myelinogenesis and the molecular mechanisms governing myelin degeneration and reformation in neurodegenerative diseases. The myelin basic proteins (MBPs) have been the most extensively studied myelin proteins, although the exact structural relationships among the various forms of the mouse MBPs have been established only recently. It was originally thought that mammalian brain contained either one or two MBPs, until it was discovered that mouse myelin contained four structurally related forms of the basic proteins having apparent molecular masses of 14 kDa, 17 kDa, 18.5 kDa, and 21.5 kDa (1). Since these four MBP variants were shown to be the products of four separate mRNAs (2), it was assumed that these mRNAs either arose as different splice products of one or two genes or were coded for by separate genes. Recently, the structural relationships among the four mouse proteins (shown in Fig. 1) were determined through an analysis of the gene and of the cDNAs that correspond to the mouse MBP mRNAs (3, 4 exon 6 , and the 14-kDa protein is missing the amino acid sequences encoded by both exons 2 and 6. Thus, the four previously described mouse MBPs are structurally related to each other through the presence or absence of two internal peptide sequences corresponding to two exons of the MBP gene (4) .
In the human, the 21.5-kDa and 18.5-kDa MBPs are comparable in structure to the corresponding mouse variants (5) . Recent work in this laboratory and elsewhere has identified a human MBP cDNA encoding a novel form of the 17-kDa MBP in which the nucleotide sequences corresponding to exons 2 and 5 are absent (5, 6) . Deibler et al. (7) reported the isolation and identification of a human MBP variant corresponding to the protein predicted by that cDNA. These results suggested that the predominant splicing pathway in the human might be different from that in the mouse.
However, the ability to splice out exon 5 might also exist in the mouse as well as in the human. Thus, the mouse might synthesize a 17-kDa MBP variant analogous to the human protein in addition to the 17-kDa variant already identified. The results reported here confirm that possibility. cDNA library in the phage Xgtll essentially as described by Gubler and Hoffman (10) , with minor modifications (6) . In brief, first-strand cDNA synthesis was accomplished by conventional oligo(dT)-primed reverse transcription (11) , and second-strand synthesis was achieved by the procedure described by Gubler and Hoffman (10) . The double-stranded cDNA was methylated and ligated, by blunt-end addition, to commercially prepared linkers (New England Biolabs), containing an internal EcoRI site, and the mixture was subjected to EcoRI digestion. The cDNAs were fractionated by size, and fragments longer than 1.5 kb were selected for cloning into Xgtll. The cDNAs were then ligated to phage arms and packaged into phage particles with a commercial "phagepackaging" mixture (Promega Biotec, Madison, WI), and the entire library was amplified.
MATERIALS AND METHODS
The amplified library was screened with a 540-base-pair (bp) mouse MBP cDNA probe (PP535) complementary to the 5' end of the MBP mRNA, including the entire coding region ofthe mRNA for mouse 14-kDa MBP. The sequence ofPP535 has been published (6). The PP535 probe was radioactively labeled by nick-translation (11) and hybridized to the mouse cDNA phage library grown in Escherichia coli strain Y1090. Positive plaques were identified by autoradiography and purified by three rounds of plating and screening with the PP535 probe. From a screen of 300,000 plaques, 50 plaques identified as containing cDNA inserts corresponding to the MBP mRNA coding region were chosen for further characterization. The number of positive MBP clones in the library (1 per 1000) was greater than the number chosen for analysis and was comparable to the abundance reported by others (3).
Blot Analysis. Phage DNAs containing mouse MBP cDNA inserts were purified from plaques (11) , and insert sizes were determined by excision of the inserts with EcoRI followed by Southern blot analysis (12) using the PP535 probe. Restriction enzyme analysis of the inserts was performed by cleaving the MBP cDNA clones with EcoRI, Ava II, and Dde I (International Biotechnologies, New Haven, CT), separating the DNA fragments by electrophoresis in 5% polyacrylamide gels (13) , electrophoretically transferring the fragments to a nylon membrane (New England Nuclear GeneScreenPlus), and probing the immobilized DNA with radioactively labeled PP535 cDNA.
In some cases an exon 1-specific probe was used to identify clones containing exon 1. This probe, corresponding to 154 bases at the 5' end of the MBP mRNA, was prepared as a "deletion" fragment during the sequencing of a human MBP cDNA clone, KK36 (6) . The sequence of the exon 1 probe exhibits >90% homology with that of the mouse exon 1 coding sequence. When used as a radioactive probe, this fragment was radioactively labeled by the random-priming procedure (14) .
DNA Sequence Analysis. Sequence analysis of the cDNAs was performed using the dideoxy nucleotide chain-termination procedure of Sanger et al. (15) with [a-[35S] thio]dATP as the radioactive label, after subcloning the cDNA into M13 mpl9 phage. The entire cDNA sequence was determined by preparing deletion fragments of the cDNAs in the M13 phage vector (using the Cyclone System kit of International Biotechnologies), sequencing each fragment, and deducing the arrangement of fragments through overlapping regions (6) . The results of the sequence determinations are presented in Fig. 3 , along with the deduced amino acid sequences of the proteins encoded by the two mRNAs. Clone M72, which contained exons 1-5 and exon 7, corresponded to an mRNA encoding the 17-kDa mouse MBP described by de Ferra et al. (3) . In contrast, clone M78 contained exons 1, 3, 4, 6, and 7 and encoded a second 17-kDa mouse MBP analogous to the human MBP variant described in a recent report (6) . The coding regions of M72 and M78 were identical, with the exception of the deleted exons, to that published by de Ferra et al. (3) for a mouse 21.5-kDa-MBP cDNA. However, there were 11 single-base differences, two 4-bp deletions, and one 3-bp deletion noted in the 3' noncoding region of the clones reported in this study compared to that published by de Ferra et al. (3) (Fig. 3) . This is probably due to strain differences between the NIH Swiss mice used by de Ferra et al. (3) and the C57BL/6J mice used in this study for the preparation of the cDNA libraries. In addition to these base differences, two single-base discrepancies existed between the 3' noncoding regions of M72 and M78 (Fig. 3) . In both cases a cytidine was substituted in M72 at positions where thymidine was found in both M78 and in the sequence reported by de Ferra et al. (3) . Reverse transcriptase, which was used in the preparation of these libraries, is known to "misread" bases as frequently as once every 600 bases (16) . Such misreading may be responsible for these differences between the two clones.
We attempted to obtain a crude estimate of the approximate ratios of the various MBP mRNAs among the clones Met Als Ser Gln Lys Arg Pro Ser GIn Arg Ser Lys Tyr Leu Al. ATG GCG ALA CGC TGA  GAGCCCTCCC CGCTCAGCCT TCCCGMTCC TGCCCTCGGC TTCTTMTAT AACTGCCTTA AACTTITA  CCC ATG GCG ALA CGC TGA   694 AT TCTACTTGCA CCGATTAGCT ACTTAGAGCA GACCCTCTCT TMATCCCGTG GAGCCOGTGAT CGCGGTGGGG CCAGnnCACG GCACCCCG   784 AC TGGTTAAAAC TATTCGTCCC TTTTCCTTTG MAGATTGAGT TTTCTCGGGG TCTTCTCAGC CCTGACTTGT TCCCCGTGCA CCTTGTTC   874 GA CTCCGGAGOT TCAGGTGCAC GGACACCCTT £CAAGTTCAC CCCTACTCCA TCCTCAGACT TTTCACGGTG AGGCACACCC CTCCAGCT  964 TC CGTGGCCACT GCGGATAGAC AGGCACACCG CCAAGGAGCC AGAGAGCATG CCGCAGGGGA CTGTGTGGTC CAGGCTTCCT TTGTTTTC   1054 TT CCCCCTAMG AGCTTTGIT TTCCTMCAG GATCAGACAG TCTTGGAGTG GCTTATACMA CGGGGGCTTG TGGTATGTGA GCACAGGC   1144 TG GGCAGCTGTG AGAGTCCAGA CTGOGGTGCC CC*GGGGACA CTTCCAGGCC AGCTATCCCC TGCACCCCAC CAGCTGATTT CGAGCGTG   1234 GC AGAGGGAAGG AAAGGGGCGA GTGGGCTGGG CMTGGCCCC AACAGGAAAC GGGGACTTAG GAGMCACGC TGGAGATATG TGTGGCCG   1324 CC AAATOTCACC ATCTCTCCTC AGTGGCTCCC CAGAGCTGGT GCTTTTMGA ACCCTGTTTC CTCTCAGAGC CCAGGGAGAG TCCMGGA  1414 CA TGGCGCATCT GGAAGTGGGA CTGCAGGAGT TCTCTGGTGG CCTCGTGCTG TCCCTCTGGC CACTTCTCAT GGTGGGGTGG TCAGCGOC  1504 AG CTCGCCATGG CAGTGCCCAT TGGTACACAC TMCCTCGGT GGAAAMTAA CCATTCCCTG CCTCCTAGM ACGACTCATT CTTAGCTT  1594 TA GGGGGGTTCC TGTCACTGAA TCGAGTCGCT GCCCTGGATG CAGGGCTGGC CTGGGCGACG CTCCAGGGAT GAGGAGCTGA GAACCCCA   1684 CT CTMTAMTGT CCATCGACAC CTCCTTATCC CTCTMCGTA CTATGTCTTT TGATTTAGCA TGCCTTCTGT AGACCTTCCA AAGAGCCC   1774 CA CACTGCCACC GTCACCCCTA GGAAGGCAGG TGATGGTTGA TGTAGCCCAA TACTGCATCT TGTTMTCTG TTCTMCTCT GAGTAGAG   1864 TG TGGGTTTAAG ATAACACCOGA TTMTGTATC GCC45MTAA CGTGAGGGTA that we isolated. Of the 50 clones isolated, 25 contained exon 1 and were at least 1.7 kb long as determined from a Southern blot-hybridization of the inserts with an exon 1-specific probe. These 25 full-length or near full-length clones were then subjected to the restriction mapping analysis described above. The numbers of cDNAs representing the 14-, 17-, 18.5-, and 21.5-kDa-MBP mRNAs were 15, 5, 4, and 1, respectively. Obviously, the small numbers involved in this analysis preclude a conclusive extrapolation of these results to the in vivo state; however, they are in line with estimates of the individual MBP mRNA levels based upon analyses of MBPs synthesized in cell-free systems using mouse brain mRNA preparations (ref. 17 ; A.T.C. and M. J. Hunkeler, unpublished results). Of the five clones found to belong to the 17-kDa-MBP cDNA class, four were missing exon 6 and one was missing exons 2 and 5. Although these numbers are only approximate, these studies suggest that within the 17-kDa-MBP mRNA class in 18-day-old mice, the 17-kDa-MBP mRNAs missing exons 2 and 5 are less abundant than the 17-kDa-MBP mRNAs missing exon 6.
DISCUSSION
The results presented here demonstrate the existence of a mouse MBP mRNA that is specifically lacking the nucleotide sequence corresponding to exons 2 and 5 of the MBP gene. The existence of this cDNA implies the presence of the 17-kDa MBP variant for which it codes in mouse central nervous system. An analogous protein appears to be a relatively abundant MBP variant in humans (7, 18) , whereas this study suggests that in the mouse this MBP is probably a minor form at 18 days. This "17-kDa" variant (molecular mass = 17,257 Da) would not be easily distinguishable from the other "17-kDa" MBP (molecular mass = 17,224 Da) by NaDodSO4 polyacrylamide gel electrophoresis, the conventional method of separating and identifying these proteins.
The ratios of synthesis of the mouse MBP variants have been shown to change rather significantly with development (17, 19) (21) . Synthesis of an =15-kDa polypeptide immunoprecipitable by anti-MBP has been observed in cell-free translations using mouse (20) and guinea pig (A.T.C. and M. J. Hunkeler, unpublished observations) mRNA preparations. Greenfield et al. (22) identified two faintly staining bands, one of which migrated between the 14-kDa and 17-kDa MBPs and the other of which migrated between the 18.5-kDa and 21.5-kDa MBPs in immunoblots of mouse brain proteins. Moreover, a protein band with slightly faster mobility than that of the 21.5-kDa MBP has been noted in both rabbit (23) and mouse (20) . Taken together, these findings support the idea that the differential splicing of exons 2, 5, and 6 from MBP pre-mRNA may generate as many as eight distinct molecular forms of MBP in the mouse.
Alternative splicing events have been described for a number of systems in which primary RNA transcripts can give rise to several variant polypeptides. For example, differential splicing of human fibronectin pre-mRNA may generate as many as 10 polypeptides from a single gene (24) . In the a-crystallins of the mouse, the presence or absence of a 22 amino acid insert in the mature protein is determined by differential splicing of a single pre-mRNA (25) . Variation in the pattern of splicing at the 3' end of a pre-mRNA appears to account for the formation of three forms of myosin heavy chain gene transcript in Drosophila (26) , and an intricate pattern of differential splicing in both the 3' and 5' region of the rat skeletal fast troponin T gene accounts for the production of at least 10 distinct troponin T mRNAs (27) . In the mammalian nervous system, the bovine preprotachykinin gene is processed in a tissue-specific manner to generate two distinct mRNAs encoding the neuropeptide substance P alone or with substance K (28) . Two distinct mRNAs that encode either calcitonin or calcitonin gene-related peptide are generated in rat neuronal tissue from one gene by the selective use of alternative polyadenylylation sites (29) . Thus, a growing number of mammalian systems exist in which two or more related polypeptides are known to be generated by alternative splicing. The MBPs of mouse brain now stand as an example of this group in that at least five and possibly as many as eight distinct MBPs may be generated by selective excision of exons 2, 5, and 6 from the mouse MBP gene transcript.
